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ABSTRACT
We have observed the environments of a population of 33 heavily dust obscured, ultra-
luminous, high-redshift galaxies, selected using WISE and NVSS at z >1.3 with the
Infra-Red Array Camera on the Spitzer Space Telescope over 5.12 ′×5.12 ′ fields. Colour
selections are used to quantify any potential overdensities of companion galaxies in
these fields. We find no significant excess of galaxies with the standard colour selection
for IRAC colours of [3.6] − [4.5] > −0.1 consistent with galaxies at z >1.3 across
the whole fields with respect to wide-area Spitzer comparison fields, but there is a
> 2σ statistical excess within 0.25 ′ of the central radio-WISE galaxy. Using a colour
selection of [3.6] − [4.5] > 0.4, 0.5 magnitudes redder than the standard method of
selecting galaxies at z >1.3, we find a significant overdensity, in which 76% (33%) of
the 33 fields have a surface density greater than the 3σ (5σ) level. There is a statistical
excess of these redder galaxies within 0.5 ′, rising to a central peak ∼ 2–4 times the
average density. This implies that these galaxies are statistically linked to the radio-
WISE selected galaxy, indicating similar structures to those traced by red galaxies
around radio-loud AGN.
Key words: galaxies: evolution – infrared: galaxies – galaxies: active
1 INTRODUCTION
High-redshift galaxy protoclusters are the largest known cos-
mological structures, with 90% of their ∼ 1015M mass ex-
pected within regions spanning ∼ 35 h−1 Mpc (Chiang et al.
? E-mail: jip3@le.ac.uk
2013; Muldrew et al. 2015). Simulations of protoclusters by
Chiang et al. (2017) predicted significant excesses of star-
forming galaxies in the central 10 − 20 Mpc of simulated
protoclusters, suggesting these structures are important to
understanding star formation in the early universe and the
largest observed clusters in the local universe (Steidel et al.
1998, 2005). However, given their extended nature it is ob-
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servationally difficult to detect them (Muldrew et al. 2015),
with previous work using luminous Infra-Red (IR) galaxies
to indicate potential sites of protoclusters to identify their
properties (Le Fevre et al. 1996; Best et al. 2003; Wylezalek
et al. 2013; Hatch et al. 2014).
Some luminous IR galaxies harbour luminous Active
Galactic Nuclei (AGN), at times placing them in the Ultra-
luminous Infra-Red Galaxy (ULIRG1) regime (Sanders &
Mirabel 1996; Lonsdale et al. 2006; Tsai et al. 2015). A frac-
tion of these ULIRGs have been identified using Spitzer as
“Dust Obscured Galaxies” (DOGs; Dey et al. 2008), first
uncovered owing to their high 24 µm to R-band flux ratio
(
24µm
R > 1000) (Dey et al. 2008; Narayanan et al. 2010). Hot
Dust Obscured Galaxies (Hot DOGs; Wu et al. 2012) are
similar but rarer galaxies discovered using the Wide-Field
Infra-Red Survey Explorer (WISE; Wright et al. 2010) All-
Sky Survey, with red detections in the WISE W3 (12 µm)
and W4 (22 µm) bands (Eisenhardt et al. 2012). Hot DOGs
exhibit higher dust temperatures (& 60K) than DOGs (Wu
et al. 2012; Bridge et al. 2013) and are powered by very
massive, luminous AGNs (Wu et al. 2018). Hot DOGs ap-
pear to reside within significantly overdense regions, whether
traced by Lyα, IR-selected or sub-millimeter selected galax-
ies (Bridge et al. 2013; Jones et al. 2014; Assef et al. 2015),
implying they may be heating dust and spurring star forma-
tion.
Sub-Millimeter Galaxies (SMGs; Blain et al. 2002;
Smail et al. 2002; Tacconi et al. 2008; Casey et al. 2014)
are a luminous, gas-rich population with high star forma-
tion rates that could be associated with earlier stages of Hot
DOGs’ evolution (Greve et al. 2005; Swinbank et al. 2006;
Tacconi et al. 2006). Some DOGs have comparable rates
of star formation and IR luminosities to SMGs (Narayanan
et al. 2010). Further, Hot DOGs could be a link between
SMGs and the optical quasar (QSO) population, seen during
later evolutionary stages (Sanders et al. 1988a,b; Hopkins
et al. 2006). Thus, there may be a link between these differ-
ent populations related by their central AGN activity, star
formation and environment (Sanders et al. 1988a,b; Bridge
et al. 2013; Assef et al. 2015; Silva et al. 2015).
Studies of powerful AGN at similar redshifts have re-
vealed significant overdensities of near- and far-IR galax-
ies (Stern et al. 2003; Stevens et al. 2003; Best et al. 2003;
De Breuck et al. 2004; Venemans et al. 2007; Greve et al.
2007). For example, investigations into the environment of
the radio-loud Spiderweb galaxy (Miley et al. 2006), one of
the most massive and intensely studied galaxies (Kurk et al.
2000; Pentericci et al. 2000), suggest that the local density
of SMGs is four times that of the field (Dannerbauer et al.
2014). These data taken in the far-IR, including observations
from Herschel’s PACS and SPIRE and Spitzer’s Multiband
Imaging Photometer (MIPS; Rieke et al. 2004), suggest that
the Spiderweb inhabits a region of intense star formation and
potential mergers around a central, massive galaxy.
Systematic studies using IR measurements centred on
radio-loud galaxies motivated by observations of the Spi-
derweb galaxy were made to understand the nature of
1 Here, LIRGs, ULIRGs and HyLIRGs are characterized by
a total Infra-Red luminosity of 1011 <L8−1000 µm <1012L, 1012
<L8−1000 µm <1013L and L8−1000 µm>1013L respectively
these galaxies and their surroundings. The Clusters Around
Radio-Loud AGN (CARLA) survey (Hatch et al. 2014;
Wylezalek et al. 2013, 2014) used Spitzer’s Infra-Red Ar-
ray Camera (IRAC; Fazio et al. 2004) observations on 420
fields containing Radio-Loud AGN (RLAGN), comparing
the number of galaxies with specific colour selection criteria
to fields in the Spitzer UKIDSS Ultra-Deep Survey (SpUDS;
Dunlop et al. 2007) within several hundred kiloparsecs of
the central galaxy (Wylezalek et al. 2013, 2014). The sur-
vey found significant overdensities of IRAC colour-selected
galaxies in the vicinity of these RLAGN, with ∼ 10% of the
Spitzer fields containing densities > 5σ with respect to com-
parison fields within a 2.5 ′ radius of the RLAGN.
Here we present Spitzer IRAC observations of 33 fields
centred on rare, ultra-luminous galaxies detected via the
WISE All-Sky Survey using the W4 band for the 22 µm
fluxes, and the NRAO 1.4 GHz VLA Sky Survey (NVSS;
Condon et al. 1998) using more accurate radio positions from
the higher-resolution FIRST survey where available (see
Lonsdale et al. 2015, for full details of the sample). These
galaxies have significant detections in the W3 and W4 bands
(see Table 1), and fainter detections in the W1 (3.5 µm)
and W2 (4.6 µm) bands. Further selections are made for
radio-loudness of −1 < log(F22µm/F22 cm) < 0.1 using NVSS
and WISE. The radio-WISE galaxies are selected as radio-
intermediate in power with compact emission to reduce the
effect of synchrotron emission on IR-sub-millimeter fluxes
and it is likely that these galaxies harbour radio jets from the
core regions (Lonsdale et al. 2016). The sample could rep-
resent the early stages of luminous quasars, which include
compact, young radio emission and powerful IR emission,
consistent with dust enshrouded AGN, see Lonsdale et al.
(2015). Note that these galaxies are not as radio-loud as the
CARLA targets but are typically more radio-loud than Hot
DOGs, (Assef et al. 2015; Tsai et al. 2015).
The SEDs of 49 of the radio-WISE selected galaxies
using the Atacama Large Millimeter/Sub-Millimeter Array
(ALMA; Wootten & Thompson (2009)) (Lonsdale et al.
2015) found 26 had detections in the 870 µm band (Lons-
dale et al. 2015) and place them in the ULIRG and HyLIRG
regimes, similar to Hot DOGs (Eisenhardt et al. 2012; Wu
et al. 2012; Bridge et al. 2013; Jones et al. 2014), with dust
temperatures & 30 K. Throughout this work, we refer to the
targets as radio-WISE galaxies. The subset in this work,
shown in Table 1, were selected from the main catalogue
(Lonsdale et al. 2015) for spectroscopic redshifts z >1.3, with
a maximum redshift of z=2.72. Radio-WISE galaxies have
a significant overdensity of SMGs found at longer 850 µm
wavelengths in the surrounding ∼1.5 ′ radius (Jones et al.
2015) with overdensities of 4–6 times that of the field. These
overdensities were greater than that observed for fields con-
taining Hot DOGs (Jones et al. 2014), with no evidence of
angular clustering on scales out to 1.5 ′ from the target, and
are expected to be radio-loud counterparts to Hot DOGs
(Lonsdale et al. 2015). Furthermore, ALMA found overden-
sities of SMGs 10 times that of blank fields for 17 of the 49
galaxies within scales of ∼ 150 kpc (17 ′′) (Silva et al. 2015).
The findings suggests that many of these HyLIRGs could
inhabit dense unvirialised regions, given the levels of over-
density extending over large scales. Findings around these
galaxies are consistent with simulations of large scale struc-
ture by Chiang et al. (2013) and Muldrew et al. (2015),
MNRAS 000, 1–15 (2018)
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which predict pre-virialised objects can be signposted by
significant overdensities of dusty, star-forming galaxies.
It is of interest to understand how these extremely lu-
minous and powerful radio-WISE selected galaxies inter-
act with and affect their surrounding environment. IRAC
colours are used to select galaxies at consistent redshifts and
the surface densities of galaxies in the environment of radio-
WISE galaxies. We characterise the nature of these fields
using IRAC to greater than 10 times the depth of WISE ob-
servations. Section 2 describes the sample and the methods
used to reduce the data and Section 3 discusses the find-
ings. Throughout, we assume a cosmology of H0 = 70 km
s−1 Mpc−1, Ωm = 0.26 and ΩΛ = 0.74. All colours and mag-
nitudes are displayed in AB-magnitudes, and IRAC1 and
IRAC2 magnitudes are expressed as [3.6] and [4.5] respec-
tively.
2 SPITZER OBSERVATIONS
2.1 Data Reduction
We targeted 33 specific fields containing radio-WISE galax-
ies with redshifts z > 1.3 using Spitzer’s IRAC camera (PI:
Carol Lonsdale, PID: 11013). Given the rarity of these galax-
ies, with sky-densities of 0.025 deg−2, these galaxies do not
lie within existing publicly available deep fields. Given their
red colours and obscured nature, warm Spitzer observations
are the most sensitive to galaxies in the surrounding envi-
ronment. Our observations follow a dithered pattern cen-
tred on the radio-WISE galaxy. Fourteen 5.2 ′ × 5.2 ′ frames
per field are imaged for ∼ 100 s each and mosaicked to pro-
duce a deeper image of the field. This produces a square
∼30.8 arcmin2 (5.55 ′ × 5.55 ′) two band image centred on
the radio-WISE selected galaxy with a Point Spread Func-
tion (PSF) of the images of ∼ 1.95 ′′ for IRAC1 and ∼ 2.02 ′′
for IRAC2, found in the IRAC Instrument Handbook. The
central 5.12 ′ × 5.12 ′ region of the field was measured for
∼ 700 s for IRAC1 and ∼ 1000 s for IRAC2.
The frames for each field were stacked and reduced us-
ing the MOPEX package (Makovoz & Marleau 2005), specif-
ically designed for manipulating Spitzer images. The pixel
scale was set to 0.6 ′′ in MOPEX and we used optimized
parameters for deep IRAC images (Lacy et al. 2005). A
drizzling factor of 1.2 was added in the image interpolation
stage to reduce cosmic-ray and bad-pixel effects. The first
two frames for each field were also removed from the image
mosaicking process due to higher levels of noise, reducing the
time imaged for each radio-WISE field to ∼ 500 s for IRAC1.
Source extraction was performed using Source Extrac-
tor (henceforth SExtractor: Bertin & Arnouts 1996) in
single-image mode. Optimized SExtractor parameters for
IRAC were taken from Lacy et al. (2005) with a flux aper-
ture diameter of 4 ′′ (∼ 2 times the PSF of Spitzer). We
convert from the native MJy sr−1 units of the image to µJy
pixel−1, using the conversion factor of 8.4619 µJy pixel−1/MJy
sr−1 for the 0.6 ′′ pixel scale. We confirmed empirical aper-
ture corrections by comparing the flux densities derived from
SExtractor in the SpUDS field to those from the SpUDS cat-
alogue (Dunlop et al. 2007). These conversion factors were
found to be 1.42 and 1.45 for [3.6] and [4.5] respectively, in
agreement with Wylezalek et al. (2013).
Finally, we determined the number of galaxies from the
source extraction process that could be artifacts of either
bright sources in the field or fluctuations in the background
intensity. Bright sources can create diffraction effects, pro-
ducing areas around the galaxy with greater levels of back-
ground intensity, which could create spurious galaxies within
the fields. In general, we see ∼ 2 objects per field which could
be caused by these bright sources, representing < 2% of the
galaxies in our fields. Galaxies at the edge of the field could
be affected by the dithering pattern, which produces por-
tions of the field imaged for less time. This could result in
galaxies which may appear unrealistically blue/red in the
catalogue. We therefore only analyse the uniformly covered
central 5.12 ′ × 5.12 ′ square (∼ 7.15 Mpc2), centred on the
radio-WISE galaxy to mask out these objects.
2.2 Properties of Radio-WISE Selected Galaxies
We compare the Spitzer properties of the central radio-
WISE selected galaxies, listed in Table 1, with those of
Hot DOGs (Wu et al. 2012), shown in Fig. 1. From Ta-
ble 1, we see that the IRAC [3.6] and [4.5] magnitudes of
the radio-WISE selected galaxies are significantly brighter
than the average magnitudes of red galaxies in the fields
(<[3.6]AB>=21.34±0.97 and <[4.5]AB>=21.17±0.94): these
galaxies are well measured in the rest-frame near-IR. They
also possess redder IRAC [3.6] − [4.5] colours than aver-
age galaxies in the field, consistent with obscured galaxies.
Comparing the IRAC [3.6] − [4.5] colours of the 33 radio-
WISE galaxies in this work with the 25 Hot DOGs in Wu
et al. (2012), we find slightly redder IRAC colours in the
radio-WISE selected population using the same apertures
and corrections, with a median colour of 1.02 ± 0.17 for the
radio-WISE galaxies, and 0.73±0.33 for the Hot DOGs. The
radio-WISE selected galaxies are typically brighter and red-
der than the Hot DOG population. There is significant scat-
ter in Fig. 1 for the radio-WISE selected galaxies, with a
Pearson correlation coefficient of 0.11 and −0.14 for IRAC1
and IRAC2 respectively, suggesting that there is little cor-
relation between their flux densities in the mid-IR and their
[3.6] − [4.5] colour. There is slightly less scatter for the Hot
DOG population, where the Pearson correlation coefficient
is 0.38 and −0.24 for IRAC1 and IRAC2 respectively, al-
though there is no significant correlation between mid-IR
flux density and [3.6] − [4.5] colour.
Using the WISE W3 (12 µm) and W4 (22 µm) data,
we see that the median W3-W4 colour for the radio-WISE
galaxies and Hot DOGs are 1.20±0.34 and 1.79±0.27 respec-
tively. This suggests that the radio-WISE galaxies generally
have bluer mid-IR colours than the Hot DOGs in Wu et al.
(2012). Hot DOGs were also selected based on their W2−W3
colour, and we see a redder median W2 −W3 colour for the
Hot DOGs compared with the radio-WISE galaxies in this
sample, with 4.49 ± 0.86 and 2.89 ± 0.55 for the Hot DOGs
and radio-WISE galaxies respectively. There is a stronger
correlation between the W3 and W4 bands and the W3-W4
colour for both classes of galaxy. For the radio-WISE galax-
ies, we find a correlation coefficient of 0.46 and -0.11 for
W3 and W4 respectively. For the Hot DOGs in Wu et al.
(2012), we find a correlation coefficient of 0.55 and -0.22
for W3 and W4 respectively. This suggests that, generally,
the WISE colours are more correlated with their 12 µm and
MNRAS 000, 1–15 (2018)
4 J.I. Penney et al.
Figure 1. Comparison of Spitzer properties of the 33 central radio-WISE selected galaxies in this work, and 25 Hot DOGs (Wu et al.
2012) comparing the IRAC colour with [3.6] (left) and [4.5] (right). A red dashed and green dotted line represent the median [3.6] − [4.5]
IRAC colours for the radio-WISE galaxies and Hot DOGs respectively. The radio-WISE selected galaxies in this work (red points), appear
to have brighter IRAC magnitudes than the Hot DOGs (green diamonds). The radio-WISE galaxies have been imaged to a greater depth
than these Hot DOGs, with Spitzer observation times of ∼ 1000s and ∼ 150s respectively (see Section 2.1).
22 µm flux densities than the IRAC flux densities for both
galaxy classes.
Comparing the luminosity of the 30 radio-WISE galax-
ies in common with Lonsdale et al. (2015) with the luminos-
ity estimates for the Hot DOGs in Wu et al. (2012), we find
an average luminosity of 2.7 × 1013 L for the radio-WISE
galaxies compared with 6.1 × 1013 L for the Hot DOGs.
Comparing the correlation of the colour of the radio-WISE
selected galaxies with the mid-IR luminosities listed in Lons-
dale et al. (2015), we find a correlation coefficient of 0.31
for [3.6] − [4.5] and 0.42 for W3-W4 colours, suggesting the
redder IRAC and WISE colours are associated with brighter
mid-IR luminosities. For the 9 Hot DOGs in Wu et al. (2012)
with sub-millimeter data, we see a correlation coefficient of
0.42 and -0.42 for IRAC and WISE colours respectively, sug-
gesting that there is a correlation between the total luminosi-
ties of these galaxies and their mid-IR colours.
2.3 Completeness Limits
To determine the extent to which the survey could iden-
tify potential companion galaxies, we investigated the depth
at which source detection was 95% complete. We analysed
the number of galaxies detected in the radio-WISE selected
fields, and compared them with the number of galaxies de-
tected in SpUDS. Given that the SpUDS catalogue was cre-
ated in a different manner to the source extraction method
detailed above, the images of the SpUDS field was run
through the same SExtractor method as our own fields for
comparison.
From this, we determine the 95% completeness limits
(see Fig. 2) are [3.6]=22.23 and [4.5]=22.44, correspond-
ing to source flux limits of 4.71 µJy and 3.82 µJy. The
noise level was 0.06 µJy ([3.6]=23.95) in IRAC1 and 0.04 µJy
([4.5]=23.70) in IRAC2 in a 4′′ diameter aperture.
2.4 Object Selection Criteria
Colour selection is used to isolate Spitzer galaxies likely to be
at z > 1.3, matching the redshift range of the radio-WISE se-
lected galaxies. Papovich (2008) demonstrated that, regard-
less of age or galaxy type, galaxies at z > 1.3 can be selected
by IRAC colour [3.6]− [4.5] > −0.1 (or a flux density ratio of
IRAC2 (FIRAC2) to IRAC1 (FIRAC1) of
FIRAC2
FIRAC1 > 0.88), based
on models by Bruzual & Charlot (2003). This colour selec-
tion uses the 1.6 µm bump, a feature apparent in almost all
galaxies, produced by the minimum opacity of the H− ion in
the atmospheres of cool stars (John 1988). Due to the rel-
ative placement of this bump and the IRAC channels, this
colour selection method should be efficient at finding z >1.3
galaxies in the vicinity of radio-WISE selected galaxies (see
also Simpson & Eisenhardt 1999; Wylezalek et al. 2013; As-
sef et al. 2015).
Galaxies are selected above the completeness limits de-
termined in Section 2.3 with these IRAC colours. Candidate
galaxies with IRAC2 magnitudes within the completeness
limits, but fainter for IRAC1, were also accepted within the
colour limit [3.6] − [4.5] > −0.1 to ensure a complete list of
redder galaxies. Galaxies selected using [3.6] − [4.5] > −0.1
(henceforth Group-I galaxies) appear to be distributed fairly
uniformly across the 5.12 ′ × 5.12 ′ field, with no obvious
clustering around the central radio-WISE selected galaxy,
as shown for a typical example in Fig. 3(a). Spectroscopic
redshifts would be needed to reveal the three dimensional
distribution of galaxies across the field, given the colour se-
lection is consistent only with the detections having a red-
shift z >1.3. Galaxies in this catalogue will not all be at the
same redshift as the radio-WISE selected galaxies.
In Section 3 we compare the surface density, radial dis-
tribution and other features of these galaxies with large com-
parison fields. In the 33 radio-WISE selected fields, we detect
∼ 7400 Group-I galaxies within the 95% completeness limits
(∼ 225 galaxies per field).
MNRAS 000, 1–15 (2018)
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Figure 2. Our completeness limits for IRAC1 (left) and IRAC2 (right). The blue crosses indicate the SpUDS data and the red points
correspond to 33 stacked radio-WISE selected fields. A black dashed line has been included to indicate the 95% completeness limit of
this work.
Figure 3. (a) A typical IRAC2 5.55 ′ × 5.55 ′ field, centered on W1517 indicated by a large bold circle. Catalogued galaxies whose IRAC
colours [3.6] − [4.5] > −0.1, above the completeness limits discussed in Section 2.3 are marked by red circles. (b) Map of the same field
with positions marked by the IRAC colours of the galaxies. (c) Central 1 ′ × 1 ′ (∼ 500 kpc × 500 kpc) region centred on the radio-WISE
selected galaxy for IRAC1. (d) Central 1 ′×1 ′ region centred on the radio-WISE selected galaxy for IRAC2. For the inset regions, galaxies
with IRAC1 magnitudes 21 <[3.6]< 22 and IRAC colours [3.6] − [4.5] > −0.1 are boxed, objects within the completeness limits and IRAC
colours [3.6] − [4.5] > −0.1 are circled and the central radio-WISE selected galaxy is shown by a large, bold ring. The inset regions are
highlighted by the box in (a) and (b).
2.5 SpUDS and S-COSMOS Comparison Fields
SpUDS (PI: J. Dunlop) is a Spitzer Cycle-4 legacy program,
observing ∼ 1 deg2 in the UKIDSS UDS field using IRAC
and MIPS. SpUDS has a 3σ depth of 1 µJy (mAB = 24, Ca-
puti et al. 2011). S-COSMOS (PI: D. Sanders) is a Spitzer
Cycle-2 legacy program, covering the 2 deg2 of the Cosmic
Evolution Survey (COSMOS) field, reaching to 5σ depths of
1 µJy (mAB=24, Scoville et al. 2007). These comparison fields
are 3–5 times deeper than our survey and are complete at
the 95% flux density limits for this work, making them ideal
for comparison with densities of galaxies in the radio-WISE
selected fields.
To compare with the fields centred on radio-WISE
galaxies we cut out fields centred on galaxies with IRAC
colours [3.6] − [4.5] > 0.58, 16 < [3.6] < 20.97 and
[4.5] < 19.85 in the SpUDS and S-COSMOS fields, as
shown in Fig. 4. Fields were also selected to have the same
5.12 ′ × 5.12 ′ (∼26.2 arcmin2) dimensions as the radio-WISE
selected fields. This produced 15 and 51 fields in SpUDS and
S-COSMOS respectively, which were combined in all investi-
gations as we saw expected levels of variance between these
MNRAS 000, 1–15 (2018)
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Figure 4. Comparison of the Spitzer IRAC properties between
the radio-WISE selected galaxies and the central galaxies in the
comparison fields (Section 2.5). Radio-WISE selected galaxies are
represented by black points, and centred galaxies from the SpUDS
and S-COSMOS fields are represented by blue crosses.
Figure 5. Density of the comparison fields with color selection
[3.6] − [4.5] > −0.1. Fields centred randomly are shown in dashed
red and those centred on galaxies with similar IRAC properties
to the radio-WISE selected galaxies are shown in black.
blank fields. No radio-WISE selected galaxies are found in
either of these comparison fields. As shown in Fig. 4, the
median [3.6] magnitude and [3.6] − [4.5] IRAC colour for
this control sample is 19.67 and 0.68 respectively, whereas
the median values for the radio-WISE selected targets are
19.18 and 1.03 respectively. This suggests that the compar-
ison sample is much bluer and fainter than the radio-WISE
targets, showing that objects with similar IRAC properties
to these rare, luminous radio-WISE selected galaxies are not
observed in deep, wide-area, blank fields.
Given the lack of comparison fields unlike the non-
overlapping, randomly-placed SpUDS fields in Wylezalek
et al. (2013), we compared the density of Group-I galaxies
in our fields to randomly-placed, independent pointings in
the SpUDS and S-COSMOS fields of the same 5.12 ′ × 5.12 ′
area, which produced 96 and 288 independent 5.12 ′ × 5.12 ′
fields respectively. Fig. 5 compares the difference in density
between the fields centred on galaxies with similar colours
to the radio-WISE galaxies and to randomly placed fields.
Using a Kolmogorov-Smirnov test (K–S test) we find a K–S
statistic of 0.17 with a p-value of 0.06 for the two subsets
of the comparison fields. A result with a p-value > 0.05 sug-
gests that we cannot rule out that the two samples are drawn
from the same underlying distribution and thus do not pos-
sess a significant excess. There appears to be little differ-
ence when using the fields centred on galaxies with similar
IRAC properties to the radio-WISE galaxies to randomly se-
lected fields, although we cannot rule out the possibility that
these subsets are drawn from a different underlying distribu-
tion. We choose to use the more numerous randomly-centred
fields when comparing to the radio-WISE selected fields to
increase the number of comparison fields.
3 RESULTS
3.1 Red-Selected Spitzer Galaxies
The relative density of Group-I IRAC-selected galaxies in
5.12 ′ × 5.12 ′ fields in the radio-WISE, SpUDS and S-
COSMOS fields as a function of IRAC colour [3.6] − [4.5] >
−0.1 is shown in Fig. 6.
We see a modest overdensity of ∼ 10% across the mag-
nitude range within the completeness limits of this work in
both bands in the radio-WISE selected fields. Removing the
radio-WISE galaxies we see the largest excess (∼ 25%) in the
magnitude range of 18.5 < mAB < 20.5 for both [3.6] and
[4.5]. Cosmic variance is a significant factor in the compari-
son fields, expected to scatter the density of galaxies found in
5.12 ′×5.12 ′ fields by ∼ 30% (Trenti & Stiavelli 2008), greater
than the observed excess in the radio-WISE selected fields.
Given that the radio-WISE selected fields have been aver-
aged, this suggests that the observed overdensity is unlikely
to be caused by cosmic variance; these radio-WISE selected
fields are modestly overdense. We see a reduced density of
galaxies at fainter magnitudes in IRAC2 ([4.5]& 21.7), likely
due to the completeness limits (see Fig. 2).
The excess of [3.6] − [4.5] > −0.1 galaxies is much less
than found using the same IRAC colour selection around
radio-loud galaxies (Wylezalek et al. 2013), suggesting that
the environments of the radio-WISE galaxies are less sig-
nificantly overdense in the IRAC bands than galaxies with
bright radio emission. It is unlikely that this lack of excess
density is due to the depth of observations in this work, given
the relatively uniform overdensity across most magnitudes of
this study, as shown in Fig. 6. The lack of a large excess rel-
ative to the comparison fields (10-25% in comparison to the
∼ 4-6× seen in Jones et al. (2015) for sub-millimeter galax-
ies) applies across a wide magnitude range in this study,
suggesting there is no specific magnitude range associated
with the radio-WISE target galaxy.
To investigate the origin of the modest 10% overdensity
compared to previous work on active galaxies, we determine
the density field by field. We compare the distribution of
galaxies per field to the number of similar galaxies in the
comparison fields, in Fig. 7. A Gaussian distribution was
fitted to the comparison fields, giving 8.31±1.10 arcmin−2.
55% of the radio-WISE selected fields exceed the mean den-
sity and 36% are denser than the mean plus 1σ density of
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Figure 6. Comparison of the density of IRAC-selected galaxies in the 33 5.12 ′ × 5.12 ′ radio-WISE selected fields (solid red) in arcmin−2
mag−1 with respect to their magnitudes in [3.6] (left) and in [4.5] (right), with comparison fields indicated in dashed blue. Below each
figure is a density ratio of the radio-WISE fields against the comparison fields. A dashed and dotted line denote a 1× and 1.25× overdensity.
Figure 7. Density of galaxies across the 33 5.12 ′ × 5.12 ′ fields
compared to 383 comparison fields with the same dimensions.
Radio-WISE selected fields are indicated in solid/red and com-
parison fields in dashed/blue. A Gaussian distribution has been
fitted to the comparison fields in black.
the SpUDS fields. In comparison, Wylezalek et al. (2013)
found a more significant overdensity across a sample of 420
fields centred on RLAGN, with 92% of fields denser than the
comparison sample mean, significantly greater than the ex-
cess around the radio-WISE galaxies. Using a K–S test and
comparing the results of this investigation to the comparison
fields, we find a K–S statistic of 0.22 with a p-value of 0.08.
The radio-WISE selected fields are not significantly denser
in IRAC-selected galaxies than the comparison fields.
We investigate the radial distribution of these Group-
I galaxies with respect to the central radio-WISE selected
galaxies to determine if there is any spatial correlation be-
tween these galaxies and the central galaxy. All 33 fields
were combined to provide a distribution of Group-I galaxies
away from the central radio-WISE galaxy position, which
was excluded from this investigation. The same distribution
Figure 8. The radial distribution of IRAC-selected galaxies away
from the radio-WISE selected galaxy using the entire magnitude
range of this work ([4.5]< 22.45). Galaxies have IRAC colour
[3.6]−[4.5] > −0.1, out to a 2.5 ′ radius from the centre of the field.
Radio-WISE selected fields are represented by red circles and the
comparison fields are indicated by blue crosses. The dashed line
denotes the average density of the comparison fields for reference.
was constructed around the random positions for the com-
parison fields. As shown in Fig. 8, there is no overdensity
beyond ∼ 0.25 ′ from the central galaxy. Towards the centre
of the field, however, we see a rise in the number of Group-
I galaxies ∼ 1.33 ± 0.20 times the level of the comparison
fields. This implies possible clustering between these Group-
I galaxies and the central galaxy on small scales of . 0.25 ′.
This overdensity towards the centre of the field could be
linked to the ∼ 10% overdensity seen in Fig. 6. It should be
noted that the result in Fig. 8 is obtained statistically over
all 33 fields and does not represent the radial distribution
of Group-I galaxies in each individual field. The peak in the
figure corresponds to an average excess of ∼ 2–3 galaxies per
field within 0.25 ′ of the radio-WISE galaxy.
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Figure 9. Comparison of the properties of all IRAC selected galaxies summed across all 33 radio-WISE selected fields within 0.25 ′ of
the central radio-WISE galaxy to the rest of the field: (a) compares the relative fraction of galaxies in the inner 0.25 ′ radius from the
radio-WISE galaxy (red line) to the relative fraction of galaxies at radii > 0.25 ′ (blue dashed) as a function of [3.6]. (b) compares the
[3.6] − [4.5] colours of the galaxies in the peak to the [3.6] (red line) to the galaxies beyond 0.25 ′ separation from the radio-WISE galaxy
(blue dashed). (c) shows the colors of galaxies in the inner 0.25 ′ radius from the radio-WISE galaxy against their colour. A black line
has been added to denote the minimum colour of the radio-WISE galaxies.
To determine whether this peak is produced by galaxies
in a specific range of magnitudes or IRAC colours, we show
the distribution of the [3.6] and the [3.6] − [4.5] colours of
the galaxies in the inner 0.25 ′ in Fig. 9a. The figure shows
that there is a potential modest excess of galaxies within
the magnitude range of 20.5 <[3.6]< 22. This excess is not
significantly greater than the density for galaxies at separa-
tions > 0.25 ′ from the radio-WISE galaxies for most values
of [3.6]. Comparing the two subsets, we find a K–S statistic
of 0.12 with a p-value of 0.29 suggesting that these sub-
sets are likely drawn from the same distribution. Compar-
ing the IRAC colours (see Fig. 9b), we see no significant
excess of galaxies within any colour range except at [3.6]-
[4.5]∼ 0.2. The distribution of these subsets are different,
the density of galaxies in each colour bin rising between
−0.1 < [3.6] − [4.5] < 0.2 within 0.25 ′, in contrast to the
rest of the field which shows a reduction in density with
redder IRAC colour. Using a K–S test for these subsets, we
find a K–S statistic of 0.17 with a p-value of 0.03, suggesting
that we cannot accept the null hypothesis that these sam-
ples are drawn from the same distribution. From Fig. 9c,
we find only ∼ 10% of the galaxies in the inner 0.25 ′ exhibit
[3.6]−[4.5] > 0.4, in a similar colour range to the radio-WISE
galaxies, suggesting that the peak in Fig. 8 is not composed
of galaxies with similar IRAC colours to the radio-WISE
galaxies. These results show that the excess of galaxies in
the local 0.25 ′ environment of the radio-WISE galaxies are
faint but not exceptionally red.
3.2 Redder-Selected Spitzer Galaxies
To investigate whether the modest overdensity shown in
Fig. 6 can be linked to bluer or redder IRAC-selected galax-
ies, we determined the density of galaxies with respect to
their [3.6] − [4.5] colour, excluding the central radio-WISE
selected galaxies. A distribution of the density of red galax-
ies is shown in Fig. 10. The density of redder galaxies drops
off more steeply at [3.6] − [4.5] > 0.4 for the SpUDS and S-
COSMOS fields than in the radio-WISE fields. This is sim-
ilar to the findings from CARLA (Cooke et al. 2016), that
there was an increasing fraction of redder galaxies around
Figure 10. Galaxies arcmin−2 as a function of IRAC ([3.6]−[4.5])
colours. Red circular points indicate radio-WISE selected fields,
excluding the central radio-WISE galaxy, blue crosses indicate
the comparison fields.
their target than in blank fields. The radio-WISE selected
fields contain a greater density of increasingly red IRAC
galaxies in their fields. This suggests that these radio-WISE
selected galaxies reside in fields containing an excess of red-
der IRAC galaxies on 5.12 ′ × 5.12 ′ scales.
Using models of galaxy SEDs, we attempt to probe the
nature of the redder IRAC colours associated with these
galaxies. For galaxies consistent with the same redshift as
the targets, the excess galaxies are expected to be even red-
der than the models for extinctions as high as Av = 5. Given
a general extinction for galaxies of Av ∼ 1.1 (Sklias et al.
2014), these redder-IRAC galaxies are significantly more
dust obscured than typical galaxies. As Fig. 11 shows, these
colours would be consistent across the redshift range of the
targets, such that the redder-IRAC colours are unlikely to
be caused by redshift alone.
These redder-selected galaxies (henceforth Group-II
galaxies) have similar IRAC [3.6]−[4.5] colours to the radio-
WISE selected galaxies, indicating greater hot dust emission
or higher levels of obscuration than field galaxies at z >1.3.
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Figure 11. Illustration of the colour dependence with redshift
for different galaxy models at different formation redshifts, z f .
We use stellar libraries to model these galaxies (Bruzual & Char-
lot 2003), assuming a Salpeter initial mass function and a single
exponentially decaying burst of star formation at τ=0.1 Gyr. The
models were generated using EzGal (Mancone & Gonzalez 2012)
with additional dust extinction using a Calzetti law (Calzetti et al.
2000) for values of Av to model the [3.6]− [4.5] colour for different
extinction levels.
We derive the same set of results as Section 3.1 for these
Group-II galaxies to investigate their overdensity, using a
colour selection of [3.6] − [4.5] > 0.4 (or a flux density ra-
tio of FIRAC2FIRAC1 >
7
5 ). This colour cut was chosen to include
the range of IRAC colours where there is an excess density
of redder galaxies in the radio-WISE fields, highlighted in
Fig. 10. It should be noted that Group II galaxies are a sub-
set of Group I galaxies, and as shown in Fig. 9c, the peak in
Fig. 8 is not composed of the Group-II galaxies.
First, we determined whether the distribution of Group-
II galaxies was different for fields centred on galaxies with
similar IRAC properties to the radio-WISE galaxies com-
pared with randomly-centred fields in the SpUDS and S-
COSMOS fields. We investigated the density field to field,
as shown in Fig. 12, after the central galaxies in the fields
were removed. There does not appear to be a significant dif-
ference in the density of these Group-II galaxies between the
two comparison fields. A K–S test gives a K–S statistic of
0.17 with a p-value of 0.07, suggesting that these subsets are
drawn from the same underlying distribution. To increase
the number of comparison fields, we will use the randomly-
centred SpUDS and S-COSMOS fields to compare with the
radio-WISE selected fields for the Group-II galaxies.
We repeat the analysis in Section 3.1 for these redder-
IRAC galaxies (see Fig. 13). The results contrast drasti-
cally to the earlier results, suggesting that the radio-WISE
selected galaxies inhabit significantly overdense regions of
Group-II galaxies. The mean density for the comparison
fields for the Group-II galaxies is 0.47±0.16 arcmin−2 (versus
8.31±1.1 arcmin−2 for Group-I in the comparison fields): 97%
of the radio-WISE selected fields exhibit densities greater
than the mean for the comparison fields and at the > 1σ
level; ∼ 76% of fields are overdense by > 3σ and 33% by
> 5σ. Since a large number of these fields exhibit signifi-
cant overdensities with respect to the comparison fields, it
Figure 12. Comparison of the density of SpUDS and S-COSMOS
fields with color selection [3.6] − [4.5] > 0.4 between fields cen-
tred randomly and those centred on galaxies with similar IRAC
properties to the radio-WISE selected galaxies. Randomly centred
fields are shown in dashed red, while fields centred on galaxies are
in black.
Figure 13. Distribution of the number of galaxies with IRAC
colour [3.6] − [4.5] > 0.40 per ∼ 26.2arcmin2 field. Radio-WISE
selected fields are shown in red, comparison fields are indicated
by dashed blue. A Gaussian fit has been added to the comparison
fields to determine the level of overdensity for the radio-WISE
selected fields, where the typical number of galaxies is 0.47±0.16.
is likely that the observed overdensity of Group-II galax-
ies is associated with the radio-WISE galaxy. These results
suggest that the overdensity of Group-II galaxies, shown in
Fig. 13, is significant over all of the radio-WISE selected
fields. Further, by repeating the K–S test for this distribu-
tion and comparing to the SpUDS and S-COSMOS fields, we
find a K–S statistic of 0.83 with a p-value of 1.68×10−19, and
thus the samples are not drawn from the same underlying
distribution.
To investigate the spatial distribution of the Group-
II galaxies relative to the central radio-WISE galaxy, we
stack the 33 fields to determine the radial distribution of
these galaxies. As shown in Fig. 14, the overdensity of
Group-II galaxies is fairly uniform across most of the field
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Figure 14. The radial distribution of Group-II galaxies with
IRAC colour [3.6] − [4.5] > 0.4 to a 2.5 ′ radius from the central
radio-WISE galaxy. Radio-WISE selected fields are represented
by red circles and comparison fields are indicated by blue crosses.
The dashed line denotes the average density of the comparison
fields for reference. See Fig. 8 for the radial distribution of Group-I
galaxies for comparison.
(∼ 1.15 arcmin−2), generally ∼ 2 times the average density
found in the comparison fields, and less than the overdensity
of ∼ 5–6 found in Jones et al. (2015) (∼ 0.38 arcmin−2) for
rare SMGs around radio-WISE galaxies. Previous findings
with ALMA around similar radio-WISE selected galaxies
(Silva et al. 2015) found a surface density of ∼ 19 arcmin−2 in
the environment detected at 870 µm, 10 times that of blank
fields within 10 ′′ of the central galaxy. Further, we find only
a single match using the SMG positions presented in Silva
et al. (2015), albeit for a Group-I selected galaxy, suggesting
that the Group-II galaxies are not IRAC counterparts to the
SMGS in Silva et al. (2015).
We find an increased density of Group-II galaxies within
0.5 ′ of the radio-WISE galaxies with respect to compari-
son fields, suggesting angular clustering around the central
galaxy on sub-arcmin scales, an effect that is not seen for
brighter SMGs (Jones et al. 2015), which show no central
concentration. This could be could be due to the 15 ′′ beam
size and the low density of detections per field in Jones et al.
(2015), however the overdensity of 4–6 in Jones et al. (2015)
is greater than the ∼ 2× overdensity shown in Fig. 14, where
the S/N of the overdensity of Group-II galaxies is greater
than 3. The Group-II galaxies in the 0.5 ′ peak are thus not
IRAC counterparts of SMGs detected at 850 µm. Further,
using the positions of the SMGs in Jones et al. (2017), we
find that only one galaxy matches the positions of the SMGs
around the radio-WISE selected galaxies, a Group-I galaxy,
showing that these Group-II galaxies are not counterparts
to the SMGs in Jones et al. (2015). The SMGs in Jones
et al. (2015); Silva et al. (2015) are likely luminous 850 µm
and 850 µm galaxies respectively, and a different subset of
galaxies associated with the radio-WISE selected galaxies
than the IRAC selected Group-I and Group-II galaxies in
this work.
The Group-II galaxies are likely to have similar redshifts
to the radio-WISE galaxies. However, we see little evidence
of angular clustering of galaxies in each individual radio-
WISE selected field within 0.5 ′, implying that this is a sta-
tistical peak from the stacking of all 33 radio-WISE selected
fields in Fig. 14. The result is expected, however, from the
distribution of faint, redder [3.6] galaxies in the local envi-
ronment (see Fig. 9b). The statistical peak in Fig. 14 could
be composed of mainly fainter IRAC1 objects.
We now compare the density of the Group-I and Group-
II galaxies in each field to determine if the density of galaxies
in each subset is correlated. Using a Pearson correlation test,
the correlation coefficient is 0.65 with a p-value of 4.17×10−5,
suggesting that we cannot accept the null hypothesis that
these two datasets are correlated. Comparing the five dens-
est and five sparsest fields in each subset, we find that only
one field out of the five is in common between the densest
fields and three out of the five are in common between the
sparsest fields for both IRAC colour selections. This also
suggests that there is little correlation between the density
of the Group-I and Group-II galaxies, potentially owing to
the Group-II galaxies having significantly higher redshifts
or residing within a protocluster compared to the Group-
I galaxies, given that galaxies become progressively redder
with increasing redshift (Stern et al. 2005).
Comparing the density of IRAC-selected galaxies ex-
pected to be at z >1.3 in the environment of the radio-WISE
selected galaxies to the properties of the central target (Ta-
ble 1) in Fig. 15. Using the Pearson’s correlation test, we
see little correlation between the density of Group-I galax-
ies and the redshift of the central radio-WISE galaxy, where
the correlation coefficient is −0.05 with a p-value of 0.79.
The correlation between the mid-IR magnitudes of the tar-
gets and the density of the Group-I galaxies is -0.34 and -0.33
(p-value=0.05 and 0.06) for IRAC1 and IRAC2 respectively.
This suggests a weak anti-correlation between the density of
Group-I galaxies and the mid-IR magnitudes of the central
radio-WISE selected galaxies.
We also compare the density of the [3.6] − [4.5] > 0.4
galaxies in each field with the properties of the central radio-
WISE galaxy. Using the Pearson correlation test of the den-
sity and the redshift of the central radio-WISE galaxy, we
find a coefficient of −0.29 with a p-value of 0.11. This sug-
gests we cannot rule out a weak anti-correlation between the
density of Group-II galaxies and the redshift of the target.
Comparing the magnitude of the central radio-WISE galaxy
with density, we find a correlation coefficient of −0.36 and
−0.37 (p-value=0.04 and 0.03) for IRAC1 and IRAC2 respec-
tively. Given the p-values of this result, it is unlikely that the
mid-IR flux densities of the radio-WISE galaxies are corre-
lated with the density of their environment due to scatter.
Overall, we find no correlation between the environment of
the radio-WISE selected galaxies and the properties of the
central radio-WISE galaxy, similar to findings by Jones et al.
(2015), although we cannot rule out a correlation between
the redshift of the central target and the density of the field.
3.3 Angular Auto-Correlation Function
To further investigate the distribution of the two samples of
IRAC-selected galaxies, we determine their two-point angu-
lar correlation function to investigate whether they are clus-
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Figure 15. Comparison of the density of galaxies in the surrounding field, as a function of the features of the central radio-WISE selected
galaxy, using the completeness limits in Section 2.3. (a) illustrates the distribution of [3.6] magnitude of the central radio-WISE selected
galaxy against the density of the surrounding field. (b) illustrates the distribution of [4.5] magnitude of the central radio-WISE selected
galaxy against the density of the surrounding field. (c) illustrates the distribution of redshift of the central galaxy with the density of
the surrounding 5.12 ′ × 5.12 ′ field. In each, black squares show the density of Group-I galaxies and red points illustrate the density of
Group-II galaxies.
tered. On relevant scales, this excess density usually takes
the form of a power-law angular function.
ω(θ) =
(
θ
θ 0
)1−γ
(1)
We used the Landy-Szalay estimator:
ω(θ) = 1 +
(
Nr
Nd
)2 DD(θ)
RR(θ) − 2
(
Nr
Nd
)
DR(θ)
RR(θ) (2)
(Landy & Szalay 1993) to determine the correlation function
for galaxies in our dataset, and for similar populations in
SpUDS and S-COSMOS. Nd is the number of data points,
Nr is the number of random comparison points randomly
projected onto the same area and used as a comparison to de-
termine whether the real galaxies in the field are correlated.
DD(θ) is the number of pairs of data points with separation
θ, RR(θ) is the corresponding number of random pairs and
DR(θ) is the number of data-random pairs. An unclustered
sample should have ω(θ) ∼ 0.
To avoid blended sources, the smallest separation we
use in this work is 0.06 ′ (3.6 ′′, ∼ 2× PSF), also greater
than the 1.8 ′′ matching radius for galaxies between IRAC1
and IRAC2 in this survey. To further reduce the uncertainty,
the full SpUDS and S-COSMOS fields are used, increasing
the number of data pairs available for comparison. We used
∼ 14000 galaxies in the Group-I magnitude and colour se-
lection for the SpUDS field and the full S-COSMOS field.
An additional source of uncertainty arises in the number of
random objects used to compare to a randomly distributed
sample. To reduce this uncertainty, we choose a bootstrap
method (Vanderplas et al. 2012), using 100 bootstraps for
each field. Beyond this number of bootstraps, we see little
improvement in the measurement error for the correlation
for each radio-WISE field. Errors for each bin are calculated
using the standard deviation of the correlation function for
each bootstrap.
Previous angular two-point correlation functions for
IRAC galaxies have found θ0 ∼ 0.03 ′ and γ ∼ 1.8 (e.g. Oliver
et al. 2004; Waddington et al. 2007; Papovich 2008). Typi-
cally, Oliver et al. (2004) and Waddington et al. (2007) ob-
Figure 16. Angular two-point correlation function for both
colour selections in this work. 2σ upper limits for the Group-I
galaxies in the radio-WISE selected fields are shown by black cir-
cles, 2σ upper limits for the Group-II galaxies in the radio-WISE
selected fields given by red circles. The mean for the two compari-
son fields have been shown separately; the full 1 deg2 SpUDS field
is indicated by blue crosses, while the full 2 deg2 S-COSMOS field
is indicated by green diamonds. A line of best fit for the Group-I
and Group-II radio-WISE fields are shown by a line and a red
dashed line respectively. A vertical dashed line has been added to
indicate the maximum separation attainable in the radio-WISE
selected fields for reference.
serve the clustering of galaxies at z ∼ 0.75 using SWIRE,
with IRAC1 5σ flux density limits of 3.7 µJy and 50% com-
pleteness in IRAC1 at 4µJy for Oliver et al. (2004) and
Waddington et al. (2007) respectively. Papovich (2008), who
introduced the selection technique in this work, selected
z >1.3 galaxies using [3.6] − [4.5] > −0.1, with 5σ flux lim-
its of 3.7 and 5.4µJy for IRAC1 and IRAC2 respectively.
It should be noted that, due to the size of the fields here,
the angular correlation function for the radio-WISE selected
fields is only probed on small scales of . 5 ′.
MNRAS 000, 1–15 (2018)
12 J.I. Penney et al.
The results of the two-point angular auto-correlation
function for the radio-WISE selected fields are shown in
Fig. 16. For the Group-I galaxies, we find θ0=0.026 ′±0.013 ′
and γ=2.26±0.42. We also list the number of galaxies used to
create the correlation function in Table 2. The value of γ for
the radio-WISE selected fields is much larger than previous
values observed in SWIRE (Oliver et al. 2004; Waddington
et al. 2007), suggesting that the clustering of galaxies de-
creases quicker than other fields. The value of θ0 is roughly
equal to the accepted value, and suggests that the Group-I
galaxies in the radio-WISE selected fields are no more clus-
tered than in blank fields. This is unusual, given that the
galaxies selected in the SWIRE fields are generally at lower
redshifts than this work and could be due to the large range
of potential redshifts that the Group-I IRAC colour selection
encompasses, such that galaxies at significantly different red-
shifts could be paired in this investigation. However, with-
out deep coverage of these fields in other bands, determining
photometric redshifts of these galaxies are unfeasible.
We see a slight difference in the two-point angular au-
tocorrelation function between the SpUDS and S-COSMOS
fields. This could be due to cosmic variance or the wide
range of redshifts in the Group-I and Group-II colour se-
lection. Using a K–S test for the comparison fields, we find
a K–S statistic of 0.23 with a p-value of 0.83, suggesting
that these two datasets are drawn from the same distri-
bution. For the SpUDS field, using Group-I colour limits,
we find θ0=0.056 ± 0.002 ′ and γ=2.38 ± 0.05. For the S-
COSMOS field, using the same colour selection, we find
θ0=0.029 ′ ± 0.009 ′ and γ=1.80 ± 0.11, in agreement with
previous values for the two-point angular autocorrelation
function. The value of γ for the SpUDS field agrees with
the value for the radio-WISE selected fields for the Group-
I colour selection, while the value of γ for the S-COSMOS
field is smaller than the value for the radio-WISE selected
fields, suggesting that the clustering of the Group-I galaxies
in the radio-WISE selected fields decreases at the same rate
or greater compared to blank fields for this colour selection.
The value of θ0 for the SpUDS field is greater than the radio-
WISE selected fields for the Group-I selection, suggesting
that the radio-WISE selected fields are no more clustered
than blank fields for this IRAC colour selection.
We use a K–S test to determine whether there is a sig-
nificant difference in the correlation function between the
comparison fields and the radio-WISE selected fields. For
the SpUDS field, we find a K–S statistic of 0.31 and a p-
value of 0.65. Similarly, for the S-COSMOS field, we find a
K–S statistic of 0.29 with a p-value of 0.73, suggesting that
it is likely that the comparison fields and the radio-WISE
selected fields are drawn from the same distribution. From
these results, it is unlikely that many of the Group-I galax-
ies in the radio-WISE selected fields are associated with one
another, although they may be related to the radio-WISE
selected galaxy, given the peak in Fig. 8. This lack of cor-
relation is expected, given that the Group-I colour selection
should only indicate the galaxies have a redshift z > 1.3,
giving them a large range of potential redshifts.
For the Group-II galaxies, we find θ0=0.072 ′ ± 0.013 ′
and γ=3.10±0.20. The value of γ is significantly larger than
the values for the Group-I selection suggesting that there is a
significant decrease in clustering for these galaxies, although
this is likely due to the lack of positive ω(θ) values. Given the
lack of correlation at radii . 0.5 ′ for the Group-II galaxies in
the radio-WISE fields, due to the small densities of galaxies
at these scales, we are unable to comment on the correla-
tion of the 0.5 ′ peak in Fig. 14. Due to the small densities
of Group-II galaxies in the comparison fields, (see Fig. 13),
we combine the entire SpUDS and S-COSMOS fields. Using
this method, we find θ0=0.11 ′ ± 0.04 ′ and γ=2.27 ± 0.22.
The values for the comparison fields are close to the val-
ues found in previous work (Oliver et al. 2004; Waddington
et al. 2007), suggesting that the Group-II selected galaxies in
the comparison fields are more correlated than those in the
radio-WISE selected fields. However, given the uncertainties
associated with counting galaxies in the 5.12 ′ × 5.12 ′ fields
compared to the significantly reduced errors on larger scales,
observations on larger fields around the radio-WISE galax-
ies would be needed to better understand the correlation for
this IRAC colour selection.
4 DISCUSSION
In this section, we discuss the results of the radio-WISE se-
lected fields with respect to the comparison fields and previ-
ous work on similar galaxies. It should be noted that we com-
pare the overdensities of SMGs to IRAC-selected overden-
sities around radio-WISE galaxies and without additional
information we cannot determine if galaxies in this work are
IRAC counterparts of SMGs.
4.1 Overdensities in Radio-WISE selected fields
Targeted Spitzer observations of fields containing radio-
WISE galaxies suggest that these galaxies do not inhabit sig-
nificantly overdense regions of Group-I ([3.6] − [4.5] > −0.1)
galaxies on scales extending over 2.5 ′. We also see no signif-
icant excess variance in the distribution of density of such
galaxies in our fields.
Shallower observations (∼ 150 s per field) of 90 Hot
DOGs by Assef et al. (2015) using Spitzer with the same
IRAC colour selection find a density of Group-I galaxies of
∼ 5–6 arcmin−2 within a 95% completeness limit of 10 µJy
in IRAC2. Similar to findings by Jones et al. (2014) for 10
Hot DOGs at 850 µm, Assef et al. (2015) suggest a lack of
angular clustering around the central Hot DOG within 2 ′
radius. To compare the density of Group-I galaxies in our
fields to the Spitzer fields containing Hot DOGs in Assef
et al. (2015), we cut our data at the same 10 µJy complete-
ness limit in IRAC2. We find a density of 5 arcmin−2, sim-
ilar to the findings by Assef et al. (2015), albeit still with
a central, statistical peak within ∼ 0.25 ′ of the radio-WISE
selected galaxy. This suggests that the density of Group-I
galaxies in the radio-WISE selected fields is consistent with
fields containing Hot DOGs, although there is an additional
peak in the density towards the radio-WISE galaxies.
4.2 Radial Distribution
We see a > 2σ peak (∼ 1.85 arcmin−2) in the density of
Group-I galaxies within 0.25 ′ (∼ 130 kpc) of 33 radio-WISE
galaxies (Fig. 8), a statistical finding. This peak implies an
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excess of associated galaxies on relatively small scales, con-
sistent with findings for galaxies selected at longer wave-
lengths with ALMA (Silva et al. 2015). Beyond 0.25 ′, we
see no excess density of Group-I galaxies out to 2.5 ′, show-
ing that the central 0.25 ′ peak is responsible for the ∼ 10%
overdensity observed in Fig. 6. The central peak in den-
sity of Group-I galaxies (∼ 10.7 arcmin−2) is composed of
fainter IRAC1 galaxies than the radio-WISE selected galax-
ies, in the magnitude range of 20.5<[3.6]<22, which do not
generally exhibit redder-IRAC colours, as shown in Fig. 9c.
These faint galaxies are unlikely to be artifacts of the im-
age, as shown in Fig. 3d we see that galaxies in this mag-
nitude range are visibly discernible from the background of
the image. These galaxies could be influenced by the central
radio-WISE galaxy, although it is unclear what mechanisms
in the environment or from the target galaxy would account
for them. The lack of redder-IRAC colours suggests that
the galaxies within 0.25 ′ of the central target are not heav-
ily dust obscured and are unlikely to possess populations of
older, redder stellar populations.
Jones et al. (2015) find an extended overdensity of very
luminous sub-millimeter galaxies on 1.5 ′ radius scales, ∼ 4–
6 times that of blank fields. The very luminous SMGs in
the environment of radio-WISE galaxies seen in Jones et al.
(2015) are a different population to the Group-I galaxies in
this work, given the different excess densities and lack of
corresponding positions, where the overdensity in this work
is ∼ 1.3 compared to ∼ 4–6 in Jones et al. (2015). Despite
the lower density of Group-I galaxies galaxies in this work,
we see significantly greater angular clustering within 0.25 ′ of
the radio-WISE selected galaxy (see Fig. 8) than in the field.
This could suggest that the Group-I galaxies are influenced
by the central radio-WISE galaxy. A lack of star-forming
galaxies in 0.25 ′ from the radio-WISE galaxy is observed in
ALMA (Silva et al. 2015). However, it is unlikely that they
are IRAC counterparts to the SMGs in Silva et al. (2015),
given the lack of corresponding positions and the difference
in the observed excess between these works. Without fur-
ther information on the galaxies in this peak, we cannot
determine whether this is just a statistical fluctuation and
how the radio-WISE galaxy could be influencing the galaxies
within 0.25 ′ radius.
The peak in Fig. 8 is similar in spatial extent to the
findings for HzRGs in Wylezalek et al. (2013), who sug-
gested an association between these central HzRGs and the
Group-I galaxies. The radio luminosities of the radio-WISE
galaxies in this work are substantially lower than the HzRGS
in CARLA, and have been selected for their less extended
radio emission. The density in the peak is significantly less
than that seen in CARLA, where ∼ 20 detections arcmin−2
are found in the central 0.25 ′. From the luminosity func-
tions in Wylezalek et al. (2014), the additional ∼ 0.5 mag-
nitude depth in CARLA does not double the expected den-
sity, so the radio-WISE selected fields are not as overdense
in Group-I galaxies as the radio-loud galaxies in CARLA.
Unlike the Group-I galaxies, the Group-II galaxies in
the radio-WISE selected fields show a significant spatially-
uniform overdensity of 1.95 between 0.5 ′ − 2.5 ′ from the
targets. This overdensity is roughly half the overdensity of
SMGs in the environment of ultra-luminous, dusty galax-
ies in Jones et al. (2015), which found overdensities of 4–
6 for SMGs within 1.5 ′ of the radio-WISE galaxy com-
pared to blank fields. These Group-II galaxies could be star-
forming galaxies (Casey 2016), however IRAC is not sensi-
tive to star formation at these redshifts, and any speculation
is inconclusive without further information. Deeper, multi-
wavelength observations are necessary to determine whether
these Group-II galaxies are at the same redshift as the radio-
WISE galaxy.
We see an additional peak in the distribution of the
Group-II galaxies within 0.5 ′ from the central radio-WISE
galaxy (Fig. 14). This peak represents an overdensity ∼ 2σ
greater than the field, reaching 3–4 times the average den-
sity of the comparison fields, similar to the overdensity of
Group-I galaxies in Wylezalek et al. (2013) using similar
completeness limits and for SMGs in Jones et al. (2015).
The overdensity of Group-II galaxies in this peak (3.53 times
blank fields) is similar to the overdensity of 4–6 observed by
Jones et al. (2015) on 3 ′ diameter fields, using shallower data
than Silva et al. (2015). This suggests that these Group-II
galaxies are dust obscured similar to the SMGs in Jones et al.
(2015), although they are not IRAC counterparts. Given the
smaller overdensities of these galaxies with respect to blank
fields within 0.5 ′ of the central target, compared to the over-
densities observed in Silva et al. (2015) (∼ 10 times blank
fields), these Group-II galaxies are not IRAC counterparts to
the ALMA detected SMGs around the same class of galaxy.
The excess of Group-II galaxies is likely to be linked to the
presence of the radio-WISE selected galaxy, given the > 2σ
statistical overdensities observed in the peak in Fig. 14.
We speculate that the excess of Group-II galaxies could
be caused from infall into the cluster, producing bursts of
star formation as the galaxies interact with gas from the
Intra-Cluster Medium (ICM). Gas from the Inter-Stellar
Medium (ISM) in these galaxies would be compressed by
interacting with the ICM, and this dust-enshrouded star
formation could produce the observed redder-IRAC colours.
The Group-II galaxies in the 0.5 ′ peak are also likely to
be dust obscured, star-forming galaxies similar to the red-
der galaxies in the Spiderweb field (Kurk et al. 2004). If
Group-II galaxies . 0.5 ′ from the radio-WISE galaxy in-
teracted with one another and/or the central radio-WISE
galaxy in a potentially forming cluster, this could also stir
up a dusty envelope to produce the observed redder IRAC
colours (Dannerbauer et al. 2014). Further work is necessary
to understand the > 2σ peak in the distribution of these red
IRAC galaxies around the radio-WISE selected galaxy, and
the spatially uniform excess density between 0.5 ′−2.5 ′ from
the targets.
5 CONCLUSIONS
The results of Spitzer IRAC imaging on 5.12 ′ × 5.12 ′ fields
centred on radio-WISE selected galaxies are:
• We find that the radio-WISE selected fields have a sim-
ilar density of IRAC selected galaxies with colour [3.6] −
[4.5] > −0.1 to blank fields, with only a modest 10% over-
density of Group-I selected galaxies. Using a K–S test for
the density of Group-I galaxies in each 5.12 ′ × 5.12 ′ field,
we find a K–S statistic of 0.22 with a p-value of 0.08, suggest-
ing that these fields are drawn from the same distribution
and thus there is no significant overdensity of galaxies with
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IRAC colours indicating z >1.3 in the radio-WISE selected
fields.
• Using a redder IRAC colour selection of [3.6] − [4.5] >
0.4, we find a significant overdensity of Group-II galaxies by
a factor of 1.95 on average with respect to blank fields within
a radius of 2.5 ′ of the central radio-WISE galaxy. We see a
significant overdensity of > 3σ with respect to blank fields in
76% of the radio-WISE selected fields, suggesting that these
galaxies inhabit dense regions of redder-IRAC galaxies.
• We see smaller overdensities than Jones et al. (2015)
and Silva et al. (2015) found for SMGs around galaxies also
selected from WISE and radio surveys.
• However, unlike the SMGs in Jones et al. (2015), there
is a statistical peak in density on scales < 0.25 ′ from the
central radio-WISE galaxy for both colour selections. Many
of these galaxies could have similar redshifts to the central
radio-WISE galaxy.
• The radio-WISE galaxies appear to be signposts for
overdense regions of red galaxies (Silva et al. 2015) and as
such could be used to help understand the nature of galaxy
and cluster formation during the epoch of peak star forma-
tion (z ∼ 2) (Eisenhardt et al. 2012; Jones et al. 2015).
With the launch of the James Webb Space Telescope
(JWST)2 in 2020, very deep multiband searches could be
made to investigate the central peak of the Group-II galax-
ies in these fields, highlighted in Fig. 14. With the much
improved depth of JWST observations, the peak from the
faint galaxies can be further investigated to better under-
stand the distribution and nature of these faint galaxies and
uncover potentially further fainter counterparts. Deep multi-
band searches would also be able to determine the extent to
which foreground and background galaxies contribute to the
peaks observed in the radial distribution of these fields with
respect to the central radio-WISE galaxy.
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Table 1. 33 WISE-Selected Radio-Intermediate galaxies in the centre of the field, including the position, and photometry from the IRAC
and WISE W3 and W4 bands with error. Galaxies marked with α by their designation can be found in (Jones et al. 2015), which details
their expected IR luminosity that is not available in this work. For information on obtaining the spectroscopic redshifts for all radio-WISE
selected galaxies, see previous work (Lonsdale et al. 2015). Error margins for IRAC bands are calculated using Source Extractor (see
Section 2.1). Positions, WISE magnitudes and errors were taken from the WISE All-Sky Catalogue.
WISE Designation RA (J2000) DEC (J2000) 3.6 µm (mag) 4.5 µm (mag) 12 µm (mag) 22 µm (mag) Redshift
W0304-3108 03:04:27.45 -31:08:38.40 17.82 ± 0.005 16.78 ± 0.002 14.84 ± 0.04 13.81 ± 0.07 1.54
W0354-3308 03:54:48.22 -33:08:27.24 19.04 ± 0.01 17.78 ± 0.003 15.17 ± 0.04 14.22 ± 0.13 1.37
W0519-0813 05:19:05.81 -08:13:20.03 19.20 ± 0.01 18.47 ± 0.005 16.17 ± 0.13 14.79 ± 0.26 2.05
W0525-3614 05:25:33.50 -36:14:40.92 19.84 ± 0.02 19.21 ± 0.01 16.08 ± 0.08 14.80 ± 0.23 1.69
W0526-3225 05:26:24.72 -32:25:00.84 19.70 ± 0.01 18.55 ± 0.01 14.40 ± 0.03 12.83 ± 0.05 1.98
W0549-3739 05:49:30.07 -37:39:39.95 19.89 ± 0.02 18.93 ± 0.006 16.22 ± 0.09 14.87 ± 0.23 1.71
W0613-3407 06:13:48.05 -34:07:29.29 19.18 ± 0.01 18.13 ± 0.004 15.39 ± 0.05 14.19 ± 0.13 2.18
W0630-2121 06:30:27.82 -21:20:58.92 19.69 ± 0.01 18.91 ± 0.01 15.37 ± 0.06 14.58 ± 0.23 1.44
W0642-2728 06:42:28.80 -27:28:01.20 18.92 ± 0.01 18.10 ± 0.004 17.17 ± NA 15.08 ± NA 1.34
W0719-3349 07:19:12.72 -33:49:44.77 19.86 ± 0.02 18.65 ± 0.01 15.70 ± 0.07 14.76 ± 0.25 1.63
W0729+6544 07:29:02.64 65:44:29.40 19.46 ± 0.005 18.48 ± 0.01 15.24 ± 0.05 13.77 ± 0.10 2.24
W0823-0624 08:23:11.28 -06:24:08.42 18.21 ± 0.01 17.26 ± 0.003 14.96 ± 0.04 13.80 ± 0.10 1.75
W1308-3447 13:08:17.04 -34:47:54.24 18.74 ± 0.01 17.88 ± 0.004 15.16 ± 0.05 13.96 ± 0.09 1.65
W1343-1136 13:43:31.44 -11:36:09.72 19.31 ± 0.01 18.48 ± 0.01 15.90 ± 0.08 14.82 ± 0.22 2.49
W1400-2919 14:00:50.16 -29:19:24.60 18.21 ± 0.002 17.10 ± 0.002 14.61 ± 0.03 13.67 ± 0.08 1.67
W1412-2020 14:12:43.20 -20:20:11.04 18.42 ± 0.01 17.40 ± 0.003 15.22 ± 0.04 13.98 ± 0.11 1.82
W1434-0235 14:34:19.68 -02:35:43.87 18.89 ± 0.01 17.90 ± 0.004 15.63 ± 0.06 14.67 ± 0.20 1.92
W1500-0649 15:00:48.72 -06:49:39.83 18.61 ± 0.01 17.55 ± 0.003 14.47 ± 0.03 13.36 ± 0.07 1.50
W1513-2210 15:13:10.32 -22:10:04.44 19.05 ± 0.01 18.08 ± 0.004 15.38 ± 0.07 13.82 ± 0.15 2.20
W1517 + 3523α 15:17:58.56 35:23:54.24 18.02 ± 0.01 16.80 ± 0.002 14.27 ± 0.03 13.11 ± 0.05 1.52
W1541-1144 15:41:41.76 -11:44:09.24 19.34 ± 0.01 18.21 ± 0.005 15.34 ± 0.07 13.75 ± 0.11 1.58
W1634-1721 16:34:26.88 -17:21:39.60 18.92 ± 0.01 18.08 ± 0.005 15.78 ± 0.10 14.62 ± 0.25 2.08
W1641-0548 16:41:07.20 -05:48:26.86 18.35 ± 0.01 17.29 ± 0.003 15.25 ± 0.06 14.55 ± 0.2 1.84
W1653-0102 16:53:05.28 -01:02:30.59 18.71 ± 0.01 18.10 ± 0.005 15.51 ± 0.08 14.64 ± 0.23 2.02
W1702-0811 17:02:04.56 -08:11:07.41 20.31 ± 0.03 19.19 ± 0.01 15.40 ± 0.10 13.88 ± 0.18 2.85
W1703-0517 17:03:24.96 -05:17:43.19 19.52 ± 0.01 18.39 ± 0.01 15.61 ± 0.12 13.86 ± 0.18 1.80
W1717 + 5313α 17:17:06.00 53:13:42.60 17.84 ± 0.005 16.96 ± 0.002 14.72 ± 0.03 13.79 ± 0.07 2.72
W1936-3354 19:36:22.56 -33:54:20.52 19.31 ± 0.01 18.25 ± 0.005 15.50 ± 0.07 14.46 ± 0.20 2.24
W1951-0420 19:51:41.28 -04:20:24.50 19.66 ± 0.02 18.78 ± 0.01 15.50 ± 0.08 14.05 ± 0.13 1.58
W1958-0746 19:58:01.68 -07:46:09.30 18.95 ± 0.01 17.94 ± 0.004 15.25 ± 0.07 14.05 ± 0.12 1.80
W2000-2803 20:00:48.48 -28:02:51.36 19.78 ± 0.02 18.39 ± 0.005 15.20 ± 0.07 14.24 ± 0.19 2.28
W2021-2611 20:21:48.00 -26:12:00.00 20.96 ± 0.04 19.82 ± 0.01 16.40 ± 0.16 14.43 ± 0.19 2.44
W2059-3541 20:59:47.04 -35:41:34.45 19.10 ± 0.01 18.08 ± 0.004 15.31 ± 0.06 14.60 ± 0.26 2.38
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Table 2. The number of data pairs (DD(θ) per separation shell used to compute the two-point angular autocorrelation function.
Separation Range (’) This Work: Group I SpUDS: Group I S-COSMOS: Group I This Work: Group II
0.06 ′ − 0.09 ′ 1000 2960 11800 28
0.09 ′ − 0.13 ′ 2060 5450 33800 48
0.13 ′ − 0.18 ′ 3770 10500 66300 74
0.18 ′ − 0.27 ′ 7830 21500 127000 162
0.27 ′ − 0.39 ′ 15600 44700 284000 316
0.39 ′ − 0.57 ′ 31900 91800 580000 744
0.57 ′ − 0.83 ′ 61800 190000 1210000 1360
0.83 ′ − 1.20 ′ 119000 39400 2530000 2410
1.20 ′ − 1.75 ′ 215000 811000 5290000 4350
1.75 ′ − 2.54 ′ 361000 1660000 11000000 7580
2.54 ′ − 3.69 ′ 489000 3360000 22900000 8620
3.69 ′ − 5.38 ′ 363000 6700000 47100000 4640
5.38 ′ − 7.82 ′ 24000 12900000 95900000 148
7.82 ′ − 15.0 ′ 0 23700000 191000000 0
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